Newly developed software for calculation of activation energy (Q s 
Introduction
The ceramic processing starts from the synthesis of ceramic powder and green body formation. The compacted green body is usually porous and fragile. To obtain desired functional properties, the sintering step has to be introduced [1] . During the sintering process, the green body is heated at temperatures approaching melting. This allows pores to shrink and disappear, which leads to densification. The sintering process is divided into three stages [2] . During the initial stage, the surface of the particles is smoothed and there is an initiation of the neck formation [3] . During the intermediate stage, the necks grow quickly and high overall shrinkage of the green body occurs. The porosity rapidly decreases and grain boundaries are formed. When the density reaches its critical value, the pores are no longer interconnected and the green body enters the final stage of sintering. The pores are now closed, thus their shrinkage rate is slow and even more difficult. The final sintering stage is usually connected with rapid grain growth, as a way of disappearance of stable pores [4] .
To describe the non-equilibrium thermodynamics and kinetics of sintering, the knowledge of the activation energy of all contributing mechanisms is essential. However, it is difficult to experimentally measure the activation energy of sintering (Q s in the following) of each sintering mechanism separately. Fortunately, the Q s of the whole sintering process can be evaluated. Two particular models, among others, caught attention of scientists in recent years such as Master Sintering Curve model (MSC in the following) [5] and the Wang and Raj model [6] . Few years ago, we developed the software for evaluation of the Q s by the MSC model [7] . Since the publication of the MSC software, the ceramic society has showed interest in such applications, so we would like to contribute further in this topic. The aim of this paper is to present software for calculation of the Q s using the Wang and Raj model. With the help of newly developed software, we can easily evaluate the Q s in wide density range. To show the scientific impact of this engineering approach, we present calculations of Q s for two common materials, pure alumina and cubic zirconia. The new data would help to understand the sintering process of these materials even further.
The Wang and Raj model
The model of Wang and Raj is based on a model of Young and Cutler [8, 9] . They combined the model of shrinkage during sintering with a thermodynamic background, to find the Q s . Their model is based on a densification rate according to Eq. 1:
C is a constant, V is molar volume and f(ρ) is a function only of a density. The densification rate can be also written as:
Combining and logarithm of Eq. 1 and 3, Eq. 4 will be obtained:
When a plot of the left-hand side of the Eq. 4 is plotted against 1/T, the slope of the line determines the Q s . This calculation is valid only if no grain growth occurs. Unfortunately, the grain size constantly increases during the sintering process [2] . Nevertheless, when the grain size evaluated for one specific relative density is not dependent on heating schedule, the equation still can be solved [10] .
To practically calculate the Q s , at least three dilatometry measurements at different heating rates are recommended. Firstly, exact density value is chosen and the densification rate is calculated for all heating rates used. Then assumption of no grain growth, or that the grain size at the specific relative density is not dependent on the heating schedule [10] is made. Now, the left side of Eq. 4 at the specific relative density for all heating rates is calculated. When the left hand side of Eq. 4 is plotted against 1/T, a point belonging to each heating rate used is obtained. If all presumptions are valid, these points lay on a line which slope determines the Q s .
WaR Software
Calculation of Qs by the Wang and Raj model for statistically significant amount of samples, materials or densities could be time consuming. Therefore, we developed a software application, which decreases the processing time. The functional diagram of the software is shown in Fig. 1 . The software starts with the import of data in the CSV format, which contain records of time, temperature and relative density for every sample. To obtain reliable results, the minimum of three measurements using different heating rates are required. The application then calculates Q s for each defined relative density and plots the calculated results. Various parameters of calculation can be changed to suite wide range of input data. The user can define the range of data, from which the first derivation of Eq. 4 is calculated, to obtain the desired smoothness of the curve. Additionally, three linear fitting methods can be selected: least square, least absolute residual and bisquare. All these parameters can be changed at any time and the results are recalculated in the real time. If any errors in the input data are detected, the software automatically notifies the user. The user then can easily select to omit data causing the errors. The calculated results are plotted in real time and can be directly exported to xls or csv file. The screenshot from software interface with calculated results is presented in Fig. 2 . The software is freely available via email request to the authors.
Experimental 2.1. Materials
Alumina and cubic zirconia commercial grade ceramic powders were used. Detailed information about these powders are given in Table I . Particle size (D BET ) was obtained from specific surface area using the nitrogen absorption method (BET method, ChemBet 3000, Quantachrome, USA). The theoretical densities (ρ th ) used for the calculation of the D BET and calculation of the relative densities are ρ th TAI = 3.99 g/cm 3 and ρ th Z8Y = 5.99 g/cm 3 . 
Tab. I Detailed information about powders used.

Powder
Preparation of ceramic green bodies
Powders were shaped into discs of 30 mm in diameter and 5 mm in height by cold isostatic pressing (Autoclave Engineering, Inc., USA). Pressing was done at the pressure of 300 MPa for 5 min. Samples were then pre-sintered at 800 °C/1 h. In order to use the samples in the dilatometer, 4 mm x 4 mm x 15 mm prisms were cut from each sample.
Sintering
Sintering of the samples was carried out using the high temperature dilatometer (L70/1700, Linseis, Germany). Four different heating rates 2, 5, 10 and 20 °C/min were used to calculate the Q s . The relative shrinkage curves were converted to densification curves by methodology described in the literature [7, 11] . The parameters of the sintering are presented in the Table 2 . After the sintering, relative densities of the samples were measured using the Archimedes method in accordance with the EN623-2.
Calculation of activation energies of sintering
The calculation of Q s by the Wang and Raj model was realized by software described in chapter "WaR Software" from dilatometry measurements using four heating rates of 2, 5, 10 and 20 °C/min.
Results and discussion
Densification curves
The densification curves, calculated from dilatometry measurements, are presented in Fig. 3 . The heating schedules of all samples and their relative densities after sintering are presented in Table II . All samples reached relative density higher than 99.5 % T. D. [10, 12] . Additionally, both TAI and Z8Y show constant Q s in the high and low density region. This behaviour we already reported for doped and undoped alumina in our recent studies [13] . The evaluated nominal values of Q s of TAI were 868 kJ/mol and 625 kJ/mol in the high and low density region respectively. The Z8Y sample exhibits decrease of Q s from 762 kJ/mol to 645 kJ/mol. Table III . Comparison of these results with another approach of calculation, the previously published MSC data [14] , as well as data published by other authors [12, [14] [15] [16] [17] 
